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Abstract In this study, the electrical and structural
parameters of pristine and 1Ca- and 2Ca-doped beryllium
oxide nanotubes (BeONTs) before and after N2O adsorp-
tion are studied using density function theory (DFT). In the
first step, we selected 15 models for the adsorption of N2O
gas on the exterior and interior surfaces of nanotube and
then the considered models are optimized using the
B3LYP/6-31G(d, p) level of theory. The results indicate
that the adsorption processes in all the models are
physisorption and are endothermic. A strong interaction
between N2O and 1Ca-, 2Ca-doped BeONTs increases the
conductivity of nanotube, which acts a good candidate for
make sensor for N2O gas. The ESP analysis shows that the
nanotube is relatively electron rich in N2O/BeONTs com-
plex, and the N2O is relatively electron poor. With 1Ca and
2Ca doping, stabilization energy (E2) and charge density of
three oxygen atoms around the dopant decrease and the
dipole moment of nanotube increases significantly from
original values.
Keywords BeONTs  1Ca- and 2Ca-doped  Adsorption of
N2O  DFT  ESP  DOS
Introduction
Nitrous oxide (N2O) gas is a colorless, non-flammable gas,
with a slightly sweet odor and taste. It is known as
‘‘laughing gas’’ due to the euphoric effects of inhaling it
[1]. N2O gas has been generated as a byproduct of nitric
and adipic acids [2–4]. It is used in surgery, dentistry, as a
powerful oxidizer in rocket propellants, in motor racing,
and as a good solvent for many organic compounds [5–7].
N2O gas extremely reacts with ozone in the stratosphere
and acts as a regulator of stratospheric ozone and it is
known also as air pollutant and a major greenhouse gas
[8–10]. Therefore, extensive research has been carried out
to control and monitor N2O gas to overcome the human
health and environmental concerns caused by it. Recent
investigations indicated that CuO, BeO, In2O3, SnO2,
WO3, and ZnCdO can be employed for monitoring and
adsorbing N2O gas [10, 11]. The interaction of N2O gas
with alkaline earth oxides [12–17], TiO2 [18], molecular
zeolite and metals [19–26], isolated Cu? ion [27, 28],
BNNTs surfaces, Al-doped (6,0) zigzag SWCNTs,
AlNNTs, and AlPNTs, Co-doped MgONTs, BeONTs, and
ZnONTs have been extensively investigated in many fields
[29–34]. After the discovery of carbon nanotube and
studying the structural parameters and applications of it,
many efforts have been focused to find other nanotubes.
One of them was beryllium oxide nanotube (BeONTs).
After the discovery of BeONTs by Continenza et al. in
1990 [35], Baumeier et al. and Wu et al. demonstrated that
the fluorinated and hydrogenated BeO nanosheets behave
as semiconductors [36–38]. The other computational
studies showed that B, C, and N dopant impurity atoms
decreased the energy gap of BeONTs and effectively
improved the electronic structure, optical properties,
magnetism, and other applications of nanotube [39–41].
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In the recent years, interaction and adsorption of H2, CO2,
H2S, and N2O gas with pristine BeONTs were investigated,
and these results indicated BeONTs as a good candidate for
adsorbing gas and making a gas sensor [40–43]. For this
aim, in the current research, the effects of 1Ca- and 2Ca-
doped BeONTs on the adsorption of N2O on both exterior
and interior surfaces of nanotube are studied using density
functional theory and the B3LYP/(d, p) level of theory, in
order to reveal some clues for chemical sensor design.
These results can provide valuable information about its
interaction and reactivity of N2O gas with pristine and Ca-
doped BeO nanotube.
Computational methods
For finding stable adsorption structures, we consider many
different configurations and after optimizing all configura-
tions with small basis set, fifteen favorable configurations
are selected for this study and are named AI, AII, AIII, BI,
BII, BIII, CI, CII, CIII, DI, DII, DIII, EI, EII, and EIII
models (see Fig. 1). Here, the A and B models are used to
identify the vertical adsorption of N2O gas from the O side
and N side on the outer surface of nanotube, respectively,
whereas the C and D models are used to show the horizontal
adsorption of N2O gas on the forward and backward surfaces
of nanotube, respectively. The E model is utilized for the
adsorption of N2O gas on the inner surface of nanotube. In
all models, indexes I, II, and III are used to depict the
pristine and 1Ca- and 2Ca-doped BeONTs, respectively.
Moreover, all the models are optimized by B3LYP/6-31G
(d, p) basis set using the GAMESS program package [44].
The adsorption energy (Eads) for N2O gas on the surface
of the pristine and 1Ca- and 2Ca-doped BeONTs can be
computed using the following equation:
Eads ¼ EBeONTsN2O  ðEBeONTs þ EN2OÞ þ BSSE; ð1Þ
where EBeONTsN2O is the total energy of the complex con-
sisting of N2O gas and BeONTs, while EBeONTs and EN2O
are the total energies of BeONTs and N2O gas, respec-
tively, and BSSE is the basis set superposition error for the
adsorption energy. Here, the negative and positive values
of the Eads indicate exothermic and endothermic reaction,
respectively.
The gap energy (Eg) between HOMO and LUMO orbital
and Fermi level (EFL) are calculated using the following
two equations:
Eg ¼ ELUMO  EHOMO ð2Þ
EFL ¼ EHOMO þ ELUMO
2
: ð3Þ
According to Parr et al. [45, 46], the chemical potential
(l) and electronegativity (v) are defined as follows:
l ¼ ðI þ AÞ=2 ð4Þ
v ¼ l: ð5Þ
According to Koopmans theorem [47], global hardness
(g), the fractional number of electrons transfer (DN), global
softness (S), and electrophilicity index (x) can be
approximated using the following equations:
g ¼ ðI  AÞ=2 ð6Þ
S ¼ 1=2g ð7Þ
x ¼ l2=2g ð8Þ
DN ¼  l
g
; ð9Þ
where EHOMO is the energy of the highest occupied
molecular orbital and ELUMO is the energy of the lowest
unoccupied molecular orbital of the considered structure.
I (-EHOMO) is the ionization potential and A (-ELUMO) is
the electron affinity of the molecule.
The chemical shielding isotropic (CSI) and chemical
shielding anisotropic (CSA) of the sites of 7Be, 17O nuclei
are calculated using the following equations [48–50]:
CSI(ppm) ¼ 1
3
ðr11 þ r22 þ r33Þ ð10Þ
CSA(ppm) ¼ r33  ðr11
þ r22Þ=2 r33[ r22[ r11: ð11Þ
Results and discussion
Structural geometry of N2O adsorption
on the pristine and Ca-doped BeONTs
The 15 optimized models (AI–EIII models) designed for
the N2O gas adsorption on the outer and inner surfaces of
pristine and 1Ca- and 2Ca-doped BeONTs are depicted in
Fig. 1. The length and the diameter of the pristine (4, 4)
armchair BeONTs are calculated to be about 9.99 and 6.32
A˚, respectively. The optimized geometries including bond
lengths and bond angles for all the adsorption models are
listed in Table 1. The average bond length and bond angle
for the pristine BeONTs are 1.57 A˚ and 119, respectively,
and it is in agreement with other research studies [39, 40].
The average bond length and bond angle of Be–O and Ca–
O in the AII, AIII, BI, BII, CII, CIII, DII, DIII, EII, and
EIII are 1.54 and 2.23 A˚, respectively (Table 1). In both
cases, the Ca dopant atom protrudes a little out of the
nanotube surface to occupy more space due to its relatively
larger atomic radius than that of Be atom. It is also found
that the adsorption persuades little local structural defor-
mation on both the N2O molecule and the BeONTs.
344 J Nanostruct Chem (2016) 6:343–355
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The bond length and bond angle of the N2O gas differ
slightly between the adsorption models.
The calculated adsorption energies (Eads), dipole
moment (lD), NBO charge transfer of N2O (Qe), and dis-
tance between N2O and nanotube (d) for the AI to EIII
models are listed in Table 2. The Eads for all models is in
the range of 37.73–61.91 kcal/mol; the distance between
N2O and nanotube (d) is in the range of 2.42–3.20 A˚; and
NBO charge transfer of N2O (Qe) for all the models is in
the range 0.04–0.08e. The BSSE values for all the models
are in the range of 0.002–0.005. The positive values of Eads
and the small transferred charge from N2O to the nanotube
indicate that the weak adsorption of N2O gas on the surface
of BeONTs which is endothermic and also the process is
called physical adsorption or physisorption. On the other
hand, comparing our results with adsorbing energy of N2O
gas on the surface of CNTs [30], AlNNTs [31], and TiO2
[33] show that the adsorption process on the surface of
BeONTs is not favorable in thermodynamic approach. This
result is in agreement with other research study [34].
Fig. 1 2D views of the optimized structures of N2O adsorption on the surface of pristine and 1Ca- and 2Ca-doped BeONTs (models AI–EIII)
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HOMO and LUMO orbital energy
In order to study the adsorption properties of N2O gas on
the surface of the pristine and 1Ca- and 2Ca-doped
BeONTs, the electronic energies, the highest occupied
molecular orbital (HOMO), and the lowest unoccupied
molecular orbital (LUMO) for all the AI–EIII adsorption
modes are calculated, the results of which are shown in
Fig. 2. As we can see in the AI–EIII models, HOMO
orbitals are uniformly distributed inward of the nanotube
and LUMO orbitals are localized around N2O gas. The
positive values of NBO charge around N2O gas is also in
agreement with the density of LUMO orbital around N2O.
To study the chemical activity of the nanotube, the HOMO
and LUMO energy, gap energy (Eg), and the other quantum
descriptors involving the chemical potential (l), elec-
tronegativity (v), chemical hardness (g), chemical softness
(S), and electrophilicity index (x) are calculated and shown
in Table 3 and Table S2. As seen in Table S2, the Eg of
pristine and 1Ca- and 2Ca-doped BeONTs are 7.12, 4.84,
and 4.81 eV, respectively, and it is notable that with 1Ca
and 2Ca doping, the gap energy decreases significantly
from original value and thereby increasing the conductivity
of nanotube. Inspection of calculated results in Table 3
indicates that in all models, the Eg values are in the range
of 3.74–6.53 eV and slightly lower than original values, as
the HOMO and LUMO levels move to higher energies
after N2O adsorption.
To facilitate a more detailed study on the change in gap
energy, the reduction in percent for Eg (%DEg) is calcu-





The %DEg values in all the adsorption models decrease
in the following order: EI[DI[BII[BIII[AII =
DII[BI = CI[AIII = DIII[AI[EII[EIII[ CIII [
CII (see Table 3). Comparison results indicate that the
%DEg values in CII and CIII models (0.40 and 0.56 %,
respectively) are lower than those in the other models,
whereas %DEg values in DI and EI (22.75 and 23.31 %,
respectively) are more than those in the other models.
In order to gain a better understanding about the
adsorption process, the density of state (DOS) plots and
total charge density around the nanotube are determined
from the output of HOMO–LUMO, and the results are
shown in Fig. 3. From Fig. 3, it is found that the total charge
densities of AI, BI, CI, DI, and EI models are uniformly
distributed on the inner layer of the nanotube, but with 1Ca
and 2Ca doping in AII, AIII, BII, BIII, CII, CIII, DII, DIII,
EII, and EIII models, total charge density gets distributed
into the various inner surfaces of the nanotube. Meanwhile,
the total electron density and scheme of DOS plots depen-
ded on the orientations of N2O gas on the surface of the
nanotube. Comparison of the DOS plots exhibits that the
electronic properties of nanotube after doping with 1Ca and
2Ca atoms and also N2O adsorption changed significantly.
It can be clearly observed that in the AII, BII, CII, DII, EII,
AIII, BIII, CIII, DIII and EIII adsorption models one and
two picks are generated in the gap region due to 1Ca and
2Ca dopants, and so the gap energy reduced remarkably
from original values, thereby increasing the electrical con-
ductivity of nanotube. From these results, it can be proposed
that the 1Ca- and 2Ca-doped BeONTs are good candidates
for making sensor for N2O gas.
To further study the adsorption process, the quantum
parameters involving global hardness, the chemical
potential, and electronegativity are calculated using
Eqs. (3-5) and the results are shown in Table 3 and Fig
S4. As is evident from Fig S4, upon adsorbing N2O gas, the
global hardness of pristine BeONTs decreased from 3.56 to
3.26 eV and that of 1Ca- and 2Ca-doped BeONTs
decreased from 2.42 to 1.95 and 2.35 to 1.99 eV, respec-
tively. This decrease in global hardness leads to decrease in
stability and increase in reactivity of the species. On the
other hand, the calculated results of all adsorption models
show that the electronic chemical potentials and elec-
trophilicity of BeONTs will be decreased.
The positive values of the fractional number of electron
transfer (DN) indicate that when N2O gas is adsorbed on
the outer and inner surfaces of the BeONTs, the charge
transfer occurred from N2O gas toward nanotube, which
suggests that their electronic transport properties could be
altered upon adsorptions of N2O. According to
Table 2 Adsorption energy (Kcal/mol), dipole moment (Debye),
NBO charge of N2O (QN2O), and three O atoms around the Ca dopant
(Q O2) and distance between N2O and nanotube (d) in AI to EIII
models (See Fig. 1)
Model Eads lD d (A˙) QN2O/e Q O2/e
AI 48.23 0.64 2.61 0.04 -3.59
AII 37.79 10.32 2.42 0.05 -3.98
AIII 37.73 12.43 2.46 0.04 -4.03
BI 61.91 0.66 2.46 0.06 -3.67
BII 59.84 9.22 2.58 0.06 -3.91
BIII 56.53 12.02 2.60 0.06 -4.02
CI 47.23 1.88 2.21 0.08 -3.63
CII 37.79 10.32 2.47 0.06 -3.90
CIII 37.73 12.42 2.47 0.07 -4.11
DI 49.68 0.67 2.67 0.06 -3.63
DII 48.11 5.50 2.61 0.08 -3.93
DIII 38.74 13.31 2.18 0.08 -4.06
EI 61.91 0.40 3.13 0.07 -3.69
EII 59.84 6.70 3.20 0.07 -3.97
EIII 56.53 10.28 2.93 0.07 -4.08
J Nanostruct Chem (2016) 6:343–355 347
123
thermodynamic approach, the direction of electron flow
will occur from higher chemical potential to the lower
electronic chemical potential, until the electronic chemical
potentials become equal. The chemical potential of the
nanotube is lower than N2O gas, and so the electron flow
occurs from N2O gas toward the nanotube. The
Fig. 2 2D views of the
HOMO–LUMO structures of
N2O adsorption on the surface
of pristine and 1Ca- and 2Ca-
doped BeONTs (models AI–
EIII)
348 J Nanostruct Chem (2016) 6:343–355
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electrophilicity index determines the maximum flow of
electron from donor to acceptor species and supplies data
connected to structural stability and reactivity of chemical
species. It is notable that the electrophilicity index of 1Ca-
(4.79 eV) and 2Ca (4.81 eV)-doped BeONTs is more than
pristine (2.23 eV) due to the donor electron effect of
dopant atoms. On the other hand, when N2O gas adsorbed
on the surface of BeONTs in the AI–EIII models the
electrophilicity index increased significantly from the
original values, indicating that the direction of the charge
flow occurred from N2O gas toward the nanotube. Mean-
while, this result emphasizes that the adsorption of N2O gas
on the surface of pristine and 1Ca- and Ca-doped BeONTs
significantly alters their electronic properties and demon-
strates that only a weak interaction exists between them.
Here, we also investigated the changes of Fermi energy
(EFermi) for adsorbing N2O gas on the pristine and 1Ca- and
2Ca-doped BeONTs. Inspection of the calculated result in
Fig S4 and Tables S2 and S3 reveals that the EFermi values
of nanotube after interaction with N2O gas reduced from
-3.94 eV to -4.42, -4.56, -4.56, -4.67, and -4.47 eV
in the AI, BI,CI, DI, and EI models, respectively. For 1Ca–
doped ones, the EFermi values of nanotube decreased from
-4.81 eV to -5.20, -5.30, and -5.20 eV in the AII, BII,
and DII models, respectively. For 2Ca-doped ones, the
EFermi values of nanotube reduced from -4.81 eV to
-5.01, -5.11, and -5.01 eV in the AIII, BIII, and DIII
models, respectively. It is notable that the EFermi values of
nanotube in the CII, CIII, EII, and EIII increased slightly
from the original values. The changes in the Fermi level
energy demonstrate that a remarkable number of electrons
transfer during the interaction between nanotube and N2O
gas; therefore, the electronic structure of the adsorption
system changed and the electrical conductance of the
material thus is significantly altered.
NMR parameters
The NMR parameters involving the CSI and CAS of 9Be
and 17O nuclei are calculated using Eqs. 10 and 11, and the
results are shown in Tables S3–S14 and Fig S5. The CSI
values of 9Be and 17O nuclei in all AI–EIII models are in
the range of 108–112 and 230–253 ppm, respectively.
Comparison of the results indicates that with adsorption of
N2O gas, the CSI values of nanotube increase significantly
from unabsorbed models due to the donor electron effect of
N2O gas. To further study the electronic structures of
nanotube/N2O complex, the shielding density plots for XX
and YY tensors are displayed in Fig S6. The results indi-
cate that in the AI–EIII adsorption models, the electrical
charges are distributed continuously around XX direction,
whereas the charge density is distributed discontinuously
around YY direction due to the electrical effects of N2O
gas on the surface of nanotube.
The NMR plots of O and Be atoms for all adsorption
models are shown in Fig S7. According to the obtained
NMR results, it can be clearly observed that the shielding
parameters for O atoms in the [AI and EI] and the [BI and
CI] models are in the range of 140–248 and 100–252 ppm,
respectively, and for DI model it is in the range of
56–252 ppm. On the other hand, in the AII, DII, and EII
models, the shielding parameters are in the range of
132–258 ppm, whereas in the BII and CII models, they are
in the range of 100–258 and 88–260 ppm, respectively.
And also the shielding parameters in AIII, DIII, and EIII
models are in the range of 132–280 ppm, while in BIII and
Table 3 Quantum parameters of AI–EIII adsorption models (See Fig. 1)
Properties/
eV
AI AII AIII BI BII BIII CI CII CIII DI DII DIII EI EII EIII
EHOMO -7.69 -7.15 -7.00 -7.49 -7.17 -6.99 -7.49 -7.26 -7.01 -7.43 -7.15 -7 -7.50 -7.23 -7.02
ELUMO -1.15 -3.25 -3.01 -1.64 -3.43 -3.23 -1.64 -2.36 -2.33 -1.92 -3.25 -3.01 -2.04 -2.41 -2.36
Eg 6.53 3.90 3.98 5.84 3.74 3.76 5.84 4.86 4.68 5.50 3.90 3.98 5.46 4.48 4.66
%DEg 8.28 19.42 17.25 17.97 22.72 21.82 17.97 0.40 0.56 22.75 19.42 17.25 23.31 7.43 3.11
EFermi -4.42 -5.20 -5.01 -4.56 -5.30 -5.11 -4.56 -4.49 -4.67 -4.67 -5.20 -5.01 -4.47 -4.48 -4.69
A 1.15 3.25 3.01 1.64 3.43 3.23 1.64 2.36 2.33 1.92 3.25 3.01 2.04 2.41 2.36
I 7.69 7.15 7.00 7.49 7.17 6.99 7.49 7.22 7.01 7.43 7.15 7.00 7.50 7.23 7.02
g 3.26 1.95 1.99 2.92 1.87 1.88 2.94 2.43 2.34 2.75 1.95 1.99 2.73 2.40 2.33
S 0.15 0.26 0.25 0.17 0.27 0.27 0.17 0.21 0.21 0.18 0.26 0.25 0.18 0.21 0.21
l -4.42 -5.20 -5.01 -4.56 -5.30 -5.11 -4.56 -4.79 -4.67 -4.67 -5.20 -5.00 -4.77 -4.82 -4.69
D/ -3.26 -1.95 -1.99 -2.92 -1.87 -1.88 -3.56 -4.72 -4.66 -2.75 -1.95 -1.99 -2.73 -2.40 -2.33
DN 1.35 2.66 2.51 1.56 2.83 2.72 1.60 1.97 1.99 1.7 2.66 2.51 1.74 2.00 2.01
W 2.99 6.93 6.30 3.56 7.50 6.92 4.56 4.79 4.67 3.97 6.93 6.30 4.77 4.82 4.72
v 4.42 5.20 5.01 -7.49 -7.17 -6.99 4.56 4.79 4.67 4.67 5.20 5.00 4.77 4.82 4.69
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CIII models they are in the range of 100–282 and
84–282 ppm, respectively. Comparing results reveal that
with doping 1Ca and 2Ca the shielding parameters values
for O atoms increase significantly from original values due
to donor electron effect of Ca doped. However, the
shielding parameters for Be atoms in all adsorption models
Fig. 3 2D views of the DOS
plot and total density electron of
N2O adsorption on the surface
of pristine and 1Ca- and 2Ca-
doped BeONTs (models AI–
EIII)
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(A, B, C, D, and E models) are in the range of
108.5–111 ppm, which slightly vary from original values
with Ca doping.
Electrostatic potential maps
To further elucidate the adsorption process, we have cal-
culated the electrostatic potential at selected points on the
0.0002 isodensity surfaces. Electrostatic potential maps are
very useful three-dimensional diagrams of molecules. They
enable us to visualize the charge distributions of molecules
and charge-related properties of molecules. They also
allow us to visualize the size and shape of molecules. In
organic chemistry, electrostatic potential maps are invalu-
able in predicting the behavior of complex molecules.
Here, different colors are used to identify different
potential of matter. The most negative and positive poten-
tials are colored in red and blue, respectively. Intermediate
potentials are assigned colors according to the color spec-
trum: Red\Orange\Yellow\Green\Blue.
Based on this scheme, one can usually identify red
regions of a map as being the most electron-rich regions of
a molecule and blue regions of a map as being the most
electron-poor regions of a molecule. To accurately analyze
the charge distribution of a molecule, a very large quantity
of electrostatic potential energy values must be calculated.
The best way to convey the data is to visually represent it,
as in an electrostatic potential map [51–54]. Electrostatic
potential (ESP) maps of all adsorption models (AI–EII) are
shown in Fig. 4. Inspections of the results indicate that red
regions are found on the surface of nanotube and blue
regions are found on the surface of N2O gas. This means
that the nanotube is relatively electron rich in this mole-
cule, and the N2O is relatively electron poor.
NBO analysis
Natural bond orbital (NBO) analysis is an important tech-
nique for investigating covalent and hybridization effects
in polyatomic wave functions, which is based on local
block Eigen vector of the one-particle density matrix. NBO
analysis provides information about interaction between
both filled and virtual orbital spaces, which in turn could
provide information about intra- and intermolecular inter-
actions. For each donor (i) and acceptor (j), the stabiliza-
tion energy E(2) is estimated from the second-order






ei  ej ; ð13Þ
where qi is the donor orbital occupancy ei and ej are the
diagonal elements, and F(i, j) is the off-diagonal NBO Fock
matrix element. These calculations allow us to analyze the
probable charge transfers and the intermolecular bond
paths [56, 57]. The larger the E(2) value, the more intensive
is the interaction, i.e., the more donation tendency from
electron donors to electron acceptors and the greater the
extent of conjugation in the whole system [58]. In this
study, NBO analysis and second-order perturbation theory
analysis of the AI–EIII models are presented in Table 4
and Tables S15–S19. The intramolecular interaction is
formed by the orbital overlap between rBe62–O52 and
r*Be42–O52 bond orbital, rBe31–O41 ? r*Be41–O41,
which results in intramolecular charge transfer causing
stabilization of the system. The most interactions in the
AI–EIII models occur in the range of 0.67–5.67 kcal/mol.
A very strong interaction has been observed due to the
electron density transfer from the rO42–Be52 to r*Be32–
O42 with stabilization energy of 6.58 kcal/mol for CI
model. This indicates that the strongest charge transfer is
responsible for interaction between N2O gas and nanotube
in this model. Furthermore, for rBe62–O52 to r*Be42–
O52 in the AIII and EIII models, due to the smaller E(2) of
less than about 0.67 kcal/mol, weaker interaction occurred
between them. These facts may be the probable reasons
behind the relative stability of the axial and equatorial
adsorptions of N2O gas on the outer and inner surfaces of
nanotube based on energetic data and NBO interpretation.
The obtained E(2) values for the interaction between
rBe62–O52 and r*Be42–O52 of the studied AI, BI, CI,
DI, and EI models decreased in the following order:
AI[BI[CI[EI[DI; and for AII, BII, CII, DII, and
EII models the values decreased in the following order:
EII[CII[AII = DII[BII; moreover, for AIII, BIII,
CIII, DIII, and EIII models, the values decreased in the
order as follows: CIII[AIII = EIII = DIII[BIII.
It can be clearly observed that E(2) values in adsorption
of N2O gas on the pristine and 1Ca and 2Ca dopants
decrease in the following order: pristine (I)[ 1Ca-doped
(II)[ 2Ca-doped.
We found that with 1Ca and 2Ca atom doping, the
charge transfer between rBe62–O52 and r*Be42–O52
decreases significantly from original values; on the other
hand, the orientation of N2O adsorbed significantly
influences the charge transfer. Inspection of the dipole
moment (lD) results at Table 2 reveal that E
(2) has the
linear relation with the dipole moment inversion. On the
other hand with doping one and two Ca atoms the dipole
moment of systems increase significantly from original
values. Therefore, dopants 1Ca and 2Ca atoms bollix the
structures of nanotube thus increasing the dipole moment
and decreasing the charge transfer in the rBe62–O52
and r*Be42–O52 bond orbital. In addition, from
Table 2, it can be inferred that with 1Ca and 2Ca atom
doping, the NBO charge on the oxygen atoms decreases
J Nanostruct Chem (2016) 6:343–355 351
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significantly due to the donor electron effect of the
dopant atom, and so the Be–O bonds are highly polar-
ized and are responsible for the large shift of charge
from metal to its neighbors. It is found that there is
small back-bonding interaction for Ca which account for
the fact that it has large charge distribution and smaller
covalent contribution, this also supports the high
adsorption energy of Ca.
Fig. 4 ESP plots of N2O
adsorption on the surface of
pristine and 1Ca- and 2Ca-
doped BeONTs (models AI–
EIII)
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Conclusions
In this research, the electrical and structural parameters of
pristine and 1Ca- and 2Ca-doped BeONTs, both on the
exterior and interior surfaces, before and after N2O
adsorption are investigated using density function theory.
The computational results established that the adsorption
process in all models is endothermic. The decrease in
percentage of gap energy (%DEg) confirms a strong inter-
action between N2O and BeONTs, and an increase in
conductivity of nanotube can propose that the 1Ca- and
2Ca-doped BeONTs are good candidates for making sensor
for N2O gas. Upon N2O gas adsorption, the HOMO and
LUMO levels moved to higher energies and the energy gap
and other electrical properties of nanotube changed.
Comparing results of dipole moment and the stabilization
energy show that with increasing E(2) the dipole moment
decrease and at the all adsorption models with doping 1Ca
and 2Ca atoms the dipole moment increases significantly
from original values.
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